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Input: Choice function pickNext, similarity relation ~,
branch checker follow, and initial location #.
Data: Worklist w and set of successor states S.
1 w:={({p,true,Av.v)},
2 while w # @ do
3 (¢,pc,s) = pickNext(w); S := @;
/1 Symbolically execute the next instruction

4 switch instr(/) do

5 casev :=¢ /[ assignment
6 | 8= {(succ(£),pc,slv > eval(s,e)]) };

7 case if (e) goto £/ // conditional jump
8 if follow(pc As N\ e) then

: [ S:={(t.pcnes):

10 if follow(pc A s A —e) then |

11 | S:=SU{(succ(l),pcA—e,s)};

12 case assert(e) /] assertion
13 if isSatisfiable(pc A s N\ —e) then abort;
14 | else S = {(succ(f),pc,s)};

15 case halt // program halt
16 | print pc;

/l Merge new states with matching ones in w
17 forall (/" ,pc’.s') € S do

18 if 3(¢" pc”’ 5"y ew: (0", pc" 5" ~ (£ pc’,s') then
19 we=w\{(¢",p” s}

20 wi=wU{(¢",pc'Vpc', ivite(pd,s'[v],s" V) };
21 else

2 | wi=wU{(t",pc,s" )}

s

23 print "no errors";

FIG. 6
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Input: Worklist w, choice functions pickNext, and
pickNext ., similarity relation ~, trace function pred,
threshold &

Data: Forwarding set F.

Result: The next state to execute.

// Determine the forwarding set

F:={acew|3d ew:3d" € pred(d’,8):a~d"},

if F +# & then // Choose a state from the forwarding set

| return pickNexty (F)

else // Choose a state using the driving heuristic

| return pickNextp(w)

FIG. 7

void main (int argc, char xxargv) {
int r = 1, arg = 1;
if (arg < argc)
if (strcmp(argvlarg], "-n") == 0) {
r = 0; ++arg;

}

for (; arg < argc; ++arg)

for (int 1 = 0; argviarg][i] != 0; ++1)
putchar (argviarg] [1]);
if (r)

putchar ("\n’");

FIG. 8
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ADVANTAGEOUS STATE MERGING DURING
SYMBOLIC ANALYSIS

BACKGROUND

1. Technical Field

The invention generally relates to the field of symbolic
analysis of a software program and in particular to advanta-
geous state merging during symbolic analysis of a software
program.

2. Background Information

Symbolic program analysis essentially performs forward
expression substitution starting from a set of input variables.
The resulting formulae are then used to falsify assertions and
find bugs or to generate input assignments and generate test
cases. One type of symbolic program analysis is symbolic
execution. “Symbolic execution” refers to the execution of a
software program using symbolic values instead of actual
values. Instead of executing a target program with regular
concrete inputs (e.g., X=5), symbolic execution executes a
target program with “symbolic” inputs that can take on all
values allowed by the type (e.g., x=A, where AeN, and N is the
set of all integer numbers). Whenever a conditional branch is
encountered that involves a predicate x that depends (directly
or indirectly) on X, both program state and execution are
forked into two alternatives: one following the then-branch
(m) and another following the else-branch (—- ). The two
executions can now be pursued independently. To ensure that
only feasible paths are explored, a symbolic analysis engine
(SAE) uses a constraint solver to cheek the satisfiability of
each branch’s predicate, and the SAE follows only satisfiable
branches. This symbolic approach is efficient because it ana-
lyzes code for entire classes of inputs rather than specific
(“concrete”) inputs. Symbolic execution has been used to
build automated test case generation tools and automated bug
finding tools. Test generation by symbolic execution is just
one of a multitude of precise symbolic program analyses that
are facilitated by satisfiability constraint solvers.

A target software program is analyzed symbolically by an
SAE. One of the challenges faced by conventional SAEs is
scalability. The phenomenon of “path explosion” refers to the
fact that the number of possible paths through a target pro-
gram is roughly exponential in program size. A “state” in
symbolic analysis encodes the history of branch decisions
(the “path condition”) and precisely characterizes the value of
each variable in terms of input values (the “symbolic store™),
so path explosion becomes synonymous with state explosion.
The benefit of not having false positives in bug finding (save
for over-approximate environment assumptions) comes at the
cost of having to analyze an exponential number of states.

Given a target program, one way to reduce the number of
states that a SAE needs to explore is to merge states that
correspond to different paths through the target program.
State merging effectively decreases the number of paths that
have to be explored but also increases the size of the symbolic
expressions describing variables. Merging introduces dis-
junctions into the path condition, which are notoriously dif-
ficult for constraint solvers. Merging also converts differing
concrete values into a symbolic expression. If that symbolic
expression were to appear in branch conditions or array indi-
ces later in the analysis, the choice of merging the states may
lead to more constraint solver invocations than without merg-
ing. This combination of larger symbolic expressions (and
larger symbolic path conditions) and extra solver invocations
can outweigh the benefit of having fewer states to analyze.

State merging also conflicts with optimizations in the sym-
bolic analysis exploration process. Search-based SAEs, like
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2

the ones used in test case generators and bug finding tools,
employ search strategies to prioritize searching of “interest-
ing” paths over “less interesting” ones (e.g., with respect to
maximizing line coverage given a fixed time budget). To
maximize the opportunities for state merging, however, the
SAE would have to traverse the control flow graph in topo-
logical order, which typically contradicts the search strat-
egy’s path prioritization policy.

The net effect is that state merging may actually be detri-
mental (e.g., by decreasing overall symbolic analysis perfor-
mance) rather than advantageous (e.g., by increasing overall
symbolic analysis performance).

SUMMARY

The above and other issues are addressed by a computer-
implemented method, non-transitory computer-readable
storage medium, and computer system for determining
whether to merge two symbolic analysis states, wherein a first
state corresponds to a first path through a target program to a
target program location, and wherein a second state corre-
sponds to a second path through the target program to the
target program location, and wherein the first path differs
from the second path. An embodiment of the method com-
prises determining a set of one or more variables of the target
program at the target program location. The method further
comprises, for each variable in the set, determining a first
value of the variable in the first state, wherein the first value is
either a first concrete or a symbolic value; determining a
second value of the variable in the second state, wherein the
second value is either a second concrete value or a symbolic
value; and determining, based on the first value and the sec-
ond value, whether merging the first state and the second state
would be advantageous. The method further comprises,
responsive to determining that merging the first state and the
second state would not be advantageous for at least one vari-
able in the set, determining not to merge the first state and the
second state.

An embodiment of the medium stores executable computer
program instructions for determining whether to merge two
symbolic analysis states, wherein a first state corresponds to
a first path through a target program to a target program
location, and wherein a second state corresponds to a second
path through the target program to the target program loca-
tion, and wherein the first path differs from the second path.
The instructions determine a set of one or more variables of
the target program at the target program location. The instruc-
tions further, for each variable in the set, determine a first
value of the variable in the first state, wherein the first value is
either a first concrete value or a symbolic value; determine a
second value of the variable in the second state, wherein the
second value is either a second concrete value or a symbolic
value; and determine, based on the first value and the second
value, whether merging the first state and the second state
would be advantageous. The instructions further determine,
responsive to determining that merging the first state and the
second state would not be advantageous for at least one vari-
able in the set, not to merge the first state and the second state.

An embodiment of the computer system for determining
whether to merge two symbolic analysis states, wherein a first
state corresponds to a first path through a target program to a
target program location, and wherein a second state corre-
sponds to a second path through the target program to the
target program location, and wherein the first path differs
from the second path, comprises at least one non-transitory
computer-readable storage medium storing executable com-
puter program instructions. The instructions comprise
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instructions for determining a set of one or more variables of
the target program at the target program location. The instruc-
tions further, for each variable in the set, determine a first
value of the variable in the first state, wherein the first value is
either a first concrete value or a symbolic value; determine a
second value of the variable in the second state, wherein the
second value is either a second concrete value or a symbolic
value; and determine, based on the first value and the second
value, whether merging the first state and the second state
would be advantageous. The instructions further determine,
responsive to determining that merging the first state and the
second state would not be advantageous for at least one vari-
able in the set, not to merge the first state and the second state.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a high-level block diagram illustrating an envi-
ronment for advantageous state merging during symbolic
analysis of a target program according to one embodiment.

FIG. 2is ahigh-level block diagram illustrating an example
of'a computer for use as one or more of the entities illustrated
in FIG. 1, according to one embodiment.

FIG. 3 is a high-level block diagram illustrating a detailed
view of a query count estimation (QCE) module, according to
one embodiment.

FIG. 4 is a high-level block diagram illustrating a detailed
view of a dynamic state merging (DSM) module, according to
one embodiment.

FIG. 5 is aflowchart illustrating a method for advantageous
state merging during symbolic analysis of a target program
according embodiment.

FIG. 6 is a listing of pseudocode illustrating generic sym-
bolic exploration according to one embodiment.

FIG. 7 is a listing of pseudocode illustrating a pickNext
method for dynamic state merging according to one embodi-
ment.

FIG. 8 is a listing of pseudocode illustrating a simplified
version of the echo program according to one embodiment.

FIG. 9 is a flowchart illustrating a method of determining
whether to merge two symbolic analysis states according to
one embodiment.

FIG. 10 is a flowchart illustrating a method of selecting a
symbolic analysis state from a general worklist according to
one embodiment.

DETAILED DESCRIPTION

The Figures (FIGS.) and the following description describe
certain embodiments by way of illustration only. One skilled
in the art will readily recognize from the following descrip-
tion that alternative embodiments of the structures and meth-
ods illustrated herein may be employed without departing
from the principles described herein. Reference will now be
made to several embodiments, examples of which are illus-
trated in the accompanying figures. It is noted that, wherever
practicable, similar or like reference numbers may be used in
the figures and may indicate similar or like functionality.

FIG. 1 is a high-level block diagram illustrating an envi-
ronment 100 for advantageous state merging during symbolic
analysis of a target program according to one embodiment.
The environment 100 symbolically analyzes a target program
according to a symbolic test. During this symbolic analysis,
states are advantageously merged (e.g., such that overall per-
formance of the symbolic analysis is increased relative to
symbolic analysis without state merging). For example, the
environment 100 automatically determines when and how to
merge states such that the performance of the symbolic analy-
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sisis increased. The environment 100 addresses the following
challenges of state merging: a) larger symbolic expressions
and extra constraint solver invocations and b) conflicts with
optimizations in the symbolic analysis exploration process in
such a way that yields a net benefit in practice. In one embodi-
ment, the environment 100 finds a beneficial compromise
between the state-space-reduction benefits of merged explo-
ration and the constraint-solving benefits and search heuristic
flexibility of unmerged per-path exploration.

The environment 100 may be maintained by an enterprise
that facilitates symbolic analysis of software, such as a cor-
poration, university, or government agency. As shown, the
environment 100 includes a network 110, a repository 120,
and a processing server 130. While only one repository 120 is
shown the embodiment depicted in FIG. 1 for clarity, other
embodiments can have multiple repositories 120. Also, while
only one processing server 130 is shown in the embodiment
depicted in FIG. 1 for clarity, other embodiments can have
multiple processing servers 130.

The network 110 represents the communication pathway
between the repository 120 and the processing server 130. In
one embodiment, the network 110 uses standard communi-
cations technologies and/or protocols and can include the
Internet. Thus, the network 110 can include links using tech-
nologies such as Ethernet, 802.11, worldwide interoperabil-
ity for microwave access (WiMAX), 2G/3G/4G mobile com-
munications protocols, digital subscriber line (DSL),
asynchronous transfer mode (ATM), InfiniBand, PCI Express
Advanced Switching, etc. Similarly, the networking proto-
cols used on the network 110 can include multiprotocol label
switching (MPLS), transmission control protocol/Internet
protocol (TCP/IP), User Datagram Protocol (UDP), hyper-
text transport protocol (HTTP), simple mail transfer protocol
(SMTP), file transter protocol (FTP), etc. The data exchanged
over the network 110 can be represented using technologies
and/or formats including image data in binary form (e.g.
Portable Network Graphics (PNG)), hypertext markup lan-
guage (HTML), extensible markup language (XML), etc. In
addition, all or some of the links can be encrypted using
conventional encryption technologies such as secure sockets
layer (SSL), transport layer security (TLS), virtual private
networks (VPNs), Internet Protocol security (IPsec), etc.

The entities on the network 110 can use custom and/or
dedicated data communications technologies instead of, or in
addition to, the ones described above. Custom and/or dedi-
cated data communications technologies include, for
example, shared memory, shared storage (e.g., a shared stor-
age server), and a cloud-based server. In one embodiment,
some or all of the entities on the network 110 are located on
the same machine and/or are part of the same program. In this
embodiment, the network 110 includes a memory bus that
links the various entities that are located on the same machine
and/or are part of the same program.

The repository 120 is a computer (or set of computers) that
stores a target program repository 122, a symbolic test reposi-
tory 124, a query count estimation (QCE) data repository 126,
and a dynamic state merging (DSM) data repository 128. In
one embodiment, the repository 120 includes a server that
provides the processing server 130 access to the target pro-
gram repository 122, symbolic test repository 124, QCE data
repository 126, and DSM data repository 128 in response to
requests.

The target program repository 122 stores one or more
target programs. In one embodiment, a target program is a
software program. In other embodiments, a target program is
a specification of an algorithm in a non-programming lan-
guage or a specification of a hardware device or a chip in a
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specification language. These specifications can be verified
using an SAE. The environment 100 enables a target program
to be symbolically analyzed, during which states are advan-
tageously merged. A target program can be single-threaded,
multi-threaded, or distributed. A target program can be stored
as executable code (e.g., native binary code) or as source code
in a non-executable format. In one embodiment, a target
program adheres to the LLVM low-level intermediate repre-
sentation and compiler framework bitcode format.

The symbolic test repository 124 stores one or more sym-
bolic tests. A symbolic test specifies families of program
inputs for which to test a target program. The environment
100 enables a symbolic test to be applied to a target program.
A symbolic test resembles a classic unit test in the sense that
they are both code portions that exercise the functionality of
atarget program and check for some properties (e.g., through
the use of assertions). A symbolic test differs from a classic
unit test in various aspects: (1) A symbolic test uses a special
API to mark parts of the target program input as symbolic or
directly mark some or all internal variables of the program as
symbolic (and thus allow multiple paths through the target
program to be explored). (2) A symbolic test, together with
the target program, executes inside a symbolic analysis
engine (SAE), instead of being natively executed. (3) A sym-
bolic test requires more resources than a classic unit test (e.g.,
a symbolic test executes for a longer period of time and
requires larger computational power) and is often time-
bounded.

A symbolic test is executed by a symbolic analysis module
132. In one embodiment, symbolic tests are written in the
programming language of the target program and are
executed as a suite (e.g., periodically, during and after the
development phase). The resulting format of a symbolic test
is specific to the SAE. A symbolic test can be stored as
executable code (e.g., native binary code). In one embodi-
ment, a symbolic test adheres to the LLVM format.

The query count estimation (QCE) data repository 126
stores calibration parameters used by a query count estima-
tion (QCE) module 134 and “hot variables” generated by the
QCE module 134. In one embodiment, some or all of the
contents ofthe QCE data repository 126 are stored in memory
along with the QCE module 134. In this embodiment, the
QCE data repository 126 is similar to the short-term memory
contents (as opposed to long-term storage contents) when the
QCE module 134 is executed.

The values of the calibration parameters affect the amount
of'time spent symbolically exploring a target program. In one
embodiment, the calibration parameters are denoted using the
Greek letters alpha (o), beta (), and kappa (). The calibra-
tion parameter o controls how aggressively the QCE module
134 tries to merge states. The calibration parameter 3 repre-
sents the probability that a particular branch of a conditional
statement is feasible, independently of the other branch. In
one embodiment, 0.5<p<1. The calibration parameter x rep-
resents a bound on loop unrolling. Among the calibration
parameters, the value of o has the highest impact on the
running time.

Optimal values for the calibration parameters are difficult
to compute analytically. However, for as given target pro-
gram, one can empirically determine good parameter values
using a simple hill-climbing method. In one embodiment, the
parameter values are o=10"'? and =0.8. Regarding K, many
loops with an input-dependent number of iterations actually
iterate over program inputs. Therefore, in one embodiment K
is set to 10, which corresponds to an average input size (e.g.,
an average number of program inputs). In one embodiment,
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the QCE data repository 126 stores values for calibration
parameters alpha (), beta (), and kappa ().

Besides storing calibration parameters used by the QCE
module 134, the QCE data repository 126 also stores “hot
variables” generated by the QCE module 134. A hot variable
is a variable that is likely to cause many queries to a constraint
solver if that variable were to contain a symbolic value. Spe-
cifically, at a program location 1, a set H(1) includes variables
that are hot at location 1. In one embodiment, the QCE data
repository 126 stores a set H(l) of hot variables for each
location 1 in a target program. The QCE module 134 (specifi-
cally, the hot variables module 300) determines whether a
particular variable v is hot at a particular location 1.

The dynamic state merging (DSM) data repository 128
stores a “driving” heuristic used by a dynamic state merging
(DSM) module 136, a search heuristic used by the DSM
module 136, a threshold used by the DSM module 136, and a
“reached-state history” generated by the DSM module 136. In
one embodiment, some or all of the contents of the DSM data
repository 128 are stored in memory along with the DSM
module 136. In this embodiment, the DSM data repository
128 is similar to the memory contents when the DSM module
136 is executed.

The driving heuristic (given as a function pickNext,)
selects a state to explore next, according to the original goal of
the exploration. One example of a driving heuristic is a ran-
dom search heuristic, which selects execution paths ran-
domly. Another example of a driving heuristic is a coverage-
oriented search heuristic, which is biased toward covering
previously unexplored program statements. A coverage-ori-
ented search heuristic maximizes target program code line
coverage given a fixed time budget and can be used to perform
partial explorations aimed at obtaining statement coverage.
Yet other examples of driving heuristics are a depth-first
search heuristic and a breadth-first search heuristic, each of
which can be used to perform complete exploration of the
program paths.

The search heuristic (given as a function pickNext,) also
selects a state to explore next, but in a manner different from
the driving heuristic. According to the function pickNext,
the state is selected from a set F. States in F are likely to be
mergeable after at most d steps of execution and, therefore,
have been selected for “fast-forwarding” (described below).
The function pickNext. determines the execution order
among the states in set F. In one embodiment, the first state
from fast-forwarding set F is selected according to the topo-
logical order of the control flow graph. Thus, states that lie
behind with respect to the topological order first catch up and
are merged with later states. The function pickNext. is used
when the set F is not empty, as explained below with reference
to the search strategy module 410.

The threshold (referred to as §) refers to steps of execution.
Specifically, states in F are likely to be mergeable after at most
J steps of execution.

Besides storing a driving heuristic used by the DSM mod-
ule 136, a search heuristic used by the DSM module 136, and
a threshold used by the DSM module 136, the DSM data
repository 128 also stores a “reached-state history” generated
by the DSM module 136. The reached-state history is a
bounded history of the states in a worklist. In one embodi-
ment, the reached-state history stores a precise history of
reached states. In this precise history, a state is denoted by a
triple (1,pc,s) that consists of a program location 1, a path
condition pc, and a symbolic store s that maps each internal
program variable to either a concrete value or an expression
over input variables. This triple denotes a state at location 1
that is reachable for inputs obeying path condition pc and in
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which the symbolic store s=[v,=¢,, . .
v, to expression e,, respectively.

Storing a precise history of reached states can incur pro-
hibitive space costs. In another embodiment, the space
requirements of the reached-state history are reduced as fol-
lows: Since states from the history are used only for compari-
sons with respect to the similarity relation “~”, it is required
to store only the parts of the state that are relevant to the
relation. Moreover, if the ~ relation is sensitive only to equal-
ity, then the reached-state history can store hash values of the
relevant information from past states, and these hash values
can then be compared.

Recall that states in F are likely to be mergeable after at
most J steps of execution. In the reached-state history hashing
embodiment, determining whether a state belongs to F is
implemented as a simple hash table lookup. Hash collisions
do not pose a problem because a full check of the similarity
relation is still performed when fast-forwarding finishes and
the states are about to be merged. Moreover, the set F is rebuilt
after each execution step, so, if a state was added to F due to
acollision, it is unlikely to be added again to F in the next step,
since a second collision for two different hash values has low
probability.

The processing server 130 includes various modules such
as a symbolic analysis module 132 for analyzing a target
program according to a symbolic test, a query count estima-
tion (QCE) module 134 for determining whether two states
are sufficiently similar that merging them would yield a net
benefit, and a dynamic state merging (DSM) module 136 for
merging states while accommodating existing search strate-
gies. In one embodiment, the processing server 130 includes
a computer (or set of computers) that communicates with the
repository 120 and processes data (e.g., by executing the
symbolic analysis module 132, the QCE module 134, and the
DSM module 136).

The symbolic analysis module 132 analyzes a target pro-
gram symbolically. For example, the symbolic analysis mod-
ule 132 symbolically analyzes the target program according
to a symbolic test. In one embodiment, the symbolic analysis
module 132 performs symbolic execution.

In one embodiment, the symbolic analysis module 132
operates according to a generic algorithm for symbolic pro-
gram analysis that can be used to implement different analysis
flavors. This algorithm is shown in FIG. 6. FIG. 6 is a listing
of pseudocode illustrating generic symbolic exploration
according to one embodiment. The pseudocode uses a simple
input language with assignments, conditional goto state-
ments, assertions, and halt statements. The algorithm in FIG.
6 is parameterized by a choice function pickNext for choosing
the next state in the worklist, a branch checking function
follow that returns a decision on whether to follow a branch,
and a similarity relation “~” that controls whether states
should be merged. In one embodiment, the choice function
pickNext is implemented by the search strategy module 410
(discussed below). The branch checking function follow
determines whether to follow a branch. Reasons not to follow
a branch include, for example, the branch being infeasible or
the branch exceeding a limit on loop unrolling. In one
embodiment, the similarity relation ~ is implemented by the
merging decision module 310 (discussed below).

Inline 1 of the algorithm, the worklist w of the algorithm is
initialized with a state whose symbolic store maps each vari-
able to itself (for simplicity, named constants are excluded).
“dx.e” denotes the function that maps parameter X to an
expression e. “A(X,, . . ., X,).€” is used for multiple param-
eters. In each iteration, the algorithm picks a new state from
the worklist using pickNext (line 3). On encountering an
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assignment v:=e (lines 5-6), the algorithm creates a successor
state at the fall-through successor location succ(l) of 1 by
updating the symbolic store s with a mapping from v to a new
symbolic expression obtained by evaluating e in the context
of's, and adds the new state to the set S. At every branch (lines
7-11), the algorithm first checks whether to follow either path
(using follow) and, if so, adds the corresponding condition to
the successor state, which in turn is added to S. For assertions
(line 12-14), the path condition, the symbolic store, and the
negated assertion are put in conjunction and checked for
satistiability. Since the algorithm does not overapproximate,
this check has no false positives. Halt statements terminate
the target program, so the algorithm just outputs the path
condition, a satisfying assignment of which can be used to
generate a test case for the execution leading to the halt.

Inlines 17-22, the new states in S are then merged with any
matching states in the worklist before being added to the
worklist themselves. Two states match if they share the same
location 1 and are similar according to ~. Merging creates a
disjunction of the two path conditions (which can be simpli-
fied by factoring out common prefixes) and builds the merged
symbolic store from ite (if-then-else) expressions that assert
one or the other original value, depending on the path taken
(line 20). The ite expressions that assert an identical value in
both cases (because it was equal in both symbolic stores) can
be simplified to that value.

In one embodiment, the symbolic analysis module 132
includes a symbolic analysis engine (SAE) based on the
KLEE symbolic execution tool (specifically, KLEE’s single-
computing-node symbolic execution engine). KLEE was
developed at Stanford University and built on top of the
LLVM low-level intermediate representation and compiler
framework. The KLEE symbolic execution engine takes as
input a program in LIVM bitcode and a specification of
which program inputs should be marked as symbolic for the
analysis (e.g., command-line arguments or file contents).
KLEE implements precise non-compositional symbolic
execution with feasibility checks performed at every condi-
tional branch. KLEE uses search strategies to guide explora-
tion. The stock strategies include random search and a strat-
egy biased toward covering previously unexplored program
statements.

The query count estimation (QCE) module 134 determines
whether two states are sufficiently similar that merging them
would yield a net benefit. For example the QCE module 134
statically estimates the impact that a symbolic variable has on
constraint solver queries that follow a potential merge point.
In one embodiment, this impact is represented by the number
of'times that variable will appear in future solver queries after
the potential merge point. An estimate of how many subse-
quent solver queries that variable is likely to be part of can be
obtained by estimating how often that variable is used in
branch conditions past any given point in the control flow
graph. The QCE module 134 is thereby able to estimate how
variables that are different in two potentially mergeable states
will be used in the future.

In one embodiment, the QCE module 134 preprocesses the
target program using a lightweight static analysis to estimate
how often each variable is used in branch conditions past any
given point in the control flow graph and uses this as a heu-
ristic estimate of how many subsequent solver queries that
variable is likely to be part of. States are then merged only
when doing so promises to be advantageous. For example,
two states are selectively merged only when differing vari-
ables are expected to appear infrequently in later solver que-
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ries. Since this selective merging merely groups paths instead
of pruning them, inaccuracies in the estimation do not hurt
soundness or completeness.

In this way, the QCE module 134 automatically identifies
an advantageous balance between exploring fewer complex
states versus exploring more simple states and merges states
only when this promises to reduce exploration time. Specifi-
cally, a determination is made regarding whether two states
are sufficiently similar that merging them would yield a net
benefit. That is, the additional cost of solving more and harder
constraint solver queries is outweighed by the savings from
exploring fewer paths. The results of this static analysis affect
only the completion time of the symbolic analysis—not its
soundness or completeness. The QCE module 134 is further
discussed below with reference to FIG. 3.

The dynamic state merging (DSM) module 136 merges
states while accommodating existing search strategies. For
example, the DSM module 136 beneficially combines state
merging with search strategies in automated test case genera-
tion and hug finding tools (e.g., search strategies that depri-
oritize “non-interesting” execution paths). The DSM module
136 explores paths independently of each other and uses a
similarity metric ~ to identify on-the-fly opportunities for
merging, while preserving a search strategy’s privilege of
dictating exploration priorities. In one embodiment, the DSM
module 136 dynamically identifies opportunities for merging
regardless of the exploration order imposed by a search strat-
egy. Operation of the DSM module 136 does not affect sound-
ness or completeness of the symbolic analysis. The DSM
module 136 is further discussed below with reference to FIG.
4.

FIG. 2is ahigh-level block diagram illustrating an example
of'a computer for use as one or more of the entities illustrated
in FIG. 1, according to one embodiment. Illustrated are at
least one processor 202 coupled to a chipset 204. The chipset
204 includes a memory controller hub 250 and an input/
output (I/O) controller hub 255. A memory 206 and a graphics
adapter 213 are coupled to the memory controller hub 250,
and a display device 218 is coupled to the graphics adapter
213. A storage device 208, keyboard 210, pointing device
214, and network adapter 216 are coupled to the I/O control-
ler hub 255. Other embodiments of the computer 200 have
different architectures. For example, the memory 206 is
directly coupled to the processor 202 in some embodiments.

The storage device 208 includes one or more non-transi-
tory computer-readable storage media such as a hard drive,
compact disk read-only memory (CD-ROM), DVD, or a
solid-state memory device. The memory 206 holds instruc-
tions and data used by the processor 202. The pointing device
214 is used in combination with the keyboard 210 to input
data into the computer system 200. The graphics adapter 213
displays images and other information on the display device
218. In some embodiments, the display device 218 includes a
touch screen capability for receiving user input and selec-
tions. The network adapter 216 couples the computer system
200 to the network 110. Some embodiments of the computer
200 have different and/or other components than those shown
in FIG. 2. For example, the repository 120 and/or the process-
ing server 130 can be formed of multiple blade servers and
lack a display device, keyboard, and other components.

The computer 200 is adapted to execute computer program
modules for providing functionality described herein. As
used herein, the term “module” refers to computer program
instructions and/or other logic used to provide the specified
functionality. Thus, a module can be implemented in hard-
ware, firmware, and/or software. In one embodiment, pro-
gram modules formed of executable computer program
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instructions are stored on the storage device 208, loaded into
the memory 206, and executed by the processor 202.

FIG. 3 is a high-level block diagram illustrating a detailed
view of'a query count estimation (QCE) module 134, accord-
ing to one embodiment. The QCE module 134 includes a hot
variables module 300 and a merging decision module 310.
The hot variables module 300 determines whether a variable
v is hot at a target program location 1. The merging decision
module 310 determines whether two states are sufficiently
similar that merging them would yield a net benefit.

Recall that a “hot variable” is a variable that is likely to
cause many queries to a constraint solver if that variable were
to contain a symbolic value. The hot variables module 300
determines whether a variable v is hot at a target program
location 1 and, if so, stores v in the QCE data repository 126
(as part of a set H(1) of variables that are hot at location 1). In
one embodiment, the hot variables module 300 makes this
determination in two phases. The first phase involves static
analysis, which occurs prior to symbolic analysis of the target
program (i.e., prior to path exploration). The second phase
involves dynamic analysis, which occurs during symbolic
analysis of the target program (i.e., during path exploration).

To check whether a variable v is hot at location hot vari-
ables module 300 estimates the number of additional queries
Q,..(1,v) that would be executed after reaching 1 if variable v
were to be made symbolic. Variable v is determined to be hot
if this number is larger than a fixed fraction a of the total
number of queries Q (1) that will be executed after reaching 1:

HO={veV1Q0slv)>0r 0D} M

(Recall that . is one of the calibration parameters stored in the
QCE datarepository 126.) According to Equation (1), when .
is oo, no variables are determined to be hot, and the QCE
module 134 allows all states to be merged. When a is 0, all
variables are determined to be hot, and states that contain the
same variable with different concrete values are never
merged. Due to this property, a is referred to as the “QCE
threshold parameter.”

To estimate these numbers of queries efficiently, an
assumption is made that every executed conditional branch
leads to a constraint solver query with a fixed probability
(which could be taken into account by suitably adjusting the
value of o), and that each branch is feasible with a fixed
probability p. (Recall that f§ is one of the calibration param-
eters stored in the QCE data repository 126.) Consider func-
tion q that descends recursively into the control flow graph
counting the number of queries that are selected by a function
c

qte)= @

B-glsucc’), )+ B-qit”, c)+c(f', e) instr{d’) = if (e) goto £”
0 instr({’) = halt

glsucc)(f’), ¢ otherwise

Then Q,,,(,v) and Q,1) can be computed recursively as
follows:

QoaabV)=q(LMT ey ite((Zv) <3 (1'e),1,0))

0.(D=q(M'e) 1) 3

where (1,v) «1 (I';e) denotes the fact that expression e at loca-
tion I' may depend on the value of variable v at location 1, and
where ite(c,p,q) denotes the if-then-else operator that evalu-
ates to p if ¢ is true, and to q otherwise. For the sake of
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simplicity, an assumption is made that all program loops are
unrolled and all function calls are inlined. For loops (and
recursive function calls) whose number of iterations cannot
be determined statically, the hot variables module 300
assumes a fixed maximum number of iterations k. (Recall that
K is one of the calibration parameters stored in the QCE data
repository 126.)

Note that the hot variables module 300, as described above,
estimates the number of additional queries without taking
into account the fact that queries may become more expensive
due to ite (if-then-else) expressions. In another embodiment,
the hot variables module 300 estimates the number of addi-
tional queries and takes into account the fact that queries may
become more expensive due to ite expressions. Appendix A
describes how to take into account the cost of ite expressions.

The assumption of inlined functions is avoided by comput-
ing Q,,A1,v) and Q1) for all function entry points 1 as func-
tion summaries. This is performed compositionally, by com-
puting per-function local query counts in a bottom-up
fashion. The local query counts for a function F include all
queries issued inside F and all functions called by F. To
compute these, Equation (2) is extended to handle function
calls. At every call site, the local query counts are incre-
mented by the local query counts at the entry point of the
callee. At this point, the first phase of the hot variables deter-
mination (static analysis, which occurs prior to symbolic
analysis) ends.

Since the local query counts do not include queries issued
after the function returns to the caller (this would require
context-sensitive local query counts), the last step of the
computation is performed dynamically during symbolic
analysis. During the second phase of the hot variables deter-
mination (dynamic analysis, which occurs during symbolic
analysis), the global query counts are obtained by adding the
local query counts at the location of the current state to the
sum of the local query counts of all return locations in the call
stack.

In one embodiment, the hot variables module 300 is imple-
mented by extending KLLEE to perform a static analysis of the
target program (e g, LLVM bitcode) to compute local query
count estimates. The static analysis is executed before the
symbolic analysis (which includes the path exploration) and
annotates each target program location with the correspond-
ing query count estimates Q,(1) and Q,,(L,v). The pass is
implemented as an LLVM per-function bottom-up call graph
traversal (with bounded recursion) and performs the analysis
compositionally. When analyzing each function, the pass
attempts to statically determine trip counts (number of itera-
tions) for loops. If the pass cannot do this, the pass approxi-
mates the trip counts with the loop bound parameter k. The
analysis tracks the query count for local variables, function
arguments, and in-memory variables indexed by a constant
offset and pointed to by either a local variable, a function
argument, or a global variable. Data dependencies between
variables are checked by traversing the program in static
single assignment (SSA) form. Since LLVM’s SSA form
handles only local wvariables, dependencies between
in-memory variables are not tracked except when loading
them to locals. Regarding the second phase of the hot vari-
ables determination, KLEE is modified to compute interpro-
cedural query counts and sets of hot variables H(l) dynami-
cally during symbolic analysis.

The merging decision module 310 determines whether two
states are sufficiently similar that merging them would yield a
net benefit. To make an exact merging decision, one would
have to compute the cumulative constraint solving times for
both the merged and unmerged cases. Since this is impracti-
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cal, the merging decision module 310 makes several simpli-
fications that allow constraint solving times to be largely
pre-computed before symbolic analysis begins.

At each program location 1, the hot variables module 300
computes a set H(l) of “hot variables™ that are likely to cause
many queries to the constraint solver if they were to contain
symbolic values. In one embodiment, where compositional
analysis is not used, the hot variables module 300 computes
the set H(1) dynamically, during symbolic analysis. In another
embodiment, where compositional analysis is used, the hot
variables module 300 pre-computes local per-variable query
counts but computes the set H(l) dynamically, during sym-
bolic analysis. The merging decision module 310 avoids
introducing new symbolic values for these “hot variables.”
Specifically, the merging decision module 310 merges states
only ifevery hot variable either has the same concrete value in
both states or is already symbolic in at least one of the states.
Formally, the merging decision module 310 operates accord-
ing to the similarity relation ~ of the algorithm in FIG. 6,
which is defined as:

(lecllsl)che(leC21S2)c> VveH(l):s, [v]=

sV 14 IV s v) @

where [ € s[v] denotes that variable v has a symbolic value in
the symbolic store s (i.e., it depends on the set of symbolic
inputs I).

The relation ~__, can be modified to check for equality
only, as required for hashing in the reached-state history. The
condition for variables to be either symbolic or equal in
Equation (4) is expressed by h(s,[v])=h(s,[v]), where
h(v)=ite(I A v, *, v) filters out symbolic variables by mapping
them to a unique special value. The reached-state history can
thus store just the hash value of U, g, h(v) for a state.
Then, ~,, can be checked by comparing the hash values of
the two states (modulo hash collisions).

FIG. 9 is a flowchart illustrating a method 900 of determin-
ing whether to merge two symbolic analysis states according
to one embodiment. Other embodiments can perform the
steps in different orders and can include different and/or
additional steps. In addition, some or all of the steps can be
performed by entities other than those shown in FIGS. 1 and
3.

When the method 900 starts, two symbolic analysis states
have already been identified. The first state corresponds to a
first path through a target program to a target program loca-
tion. The second state corresponds to a second path through
the same target program to the same target program location.
The first path differs from the second path. At this point, the
method 900 begins.

In step 910, a set of one or more variables of the target
program at the target program location is determined. For
example, the hot variables module 300 determines one or
more variables that are likely to cause many queries to a
constraint solver if those variables were to contain symbolic
values. These variables are placed in the set.

In step 920, one variable is selected from the set of vari-
ables determined in step 910.

In step 930, a first value of the selected variable in the first
state is determined. For example, the value of the variable is
obtained from the symbolic store portion of the first state. The
first value is either a first concrete value or a symbolic value.

In step 940, a second value of the selected variable in the
second state is determined. For example, the value of the
variable is obtained from the symbolic store portion of the
second state. The second value is either a second concrete
value or a symbolic value
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In step 950, a determination is made regarding whether
merging the first state and the second state would be advan-
tageous. In one embodiment, this determination is made
based on the first value (determined in step 930) and the
second value (determined in step 940). For example, the
merging decision module 310 makes this determination such
that merging is advantageous if the variable either has the
same concrete value in both states or is already symbolic in at
least one of the states.

If merging the first state and the second state would not be
advantageous, then the method proceeds to step 960. In step
960, a determination result is output (e.g., “do not merge the
first and second states™).

If merging the first state and the second state would be
advantageous, then the method proceeds to step 970. In step
970, a determination is made regarding whether any addi-
tional variables exist (specifically, whether any additional
variables exist that are in the set of variables but have not yet
been evaluated with respect to step 950). If any additional
variables do exist, then the method returns to step 920, where
an additional variable is selected. If no additional variables
exist, then the method proceeds to step 980, where a result is
output (e.g., “do merge the first and second states”™).

Appendix B includes an example of how the merging deci-
sion module 310 determines whether to merge states.

FIG. 4 is a high-level block diagram illustrating a detailed
view of a dynamic state merging (DSM) module 136, accord-
ing to one embodiment. The DSM module 136 includes an
execution tracking module 400 and a search strategy module
410. The execution tracking module 400 generates a reached-
state history. The search strategy module 410 selects a next
state to execute.

Dynamic state merging (DSM) does not require states to
share the same program location in order to be considered for
merging. The rationale behind DSM is the following: Con-
sider two abstract states o, =(1;,pc;,s;) and o, =(1,,pc,,s,),
with 1,1, that are both in the worklist. Assume that ', one
of' the transitive successors of a; (which have not been com-
puted yet) will reach location 1,. Provided that the number of
steps required to reach 1, from a, is small, and the expected
similarity of o', and a., is high, enough that merging them will
be beneficial, it is worth overriding a coverage-oriented
search strategy to compute o', next and to then merge it with
a.,. This override is referred to as fast-forwarding because o,
is forwarded to a,’s location with temporary priority before
resuming the regular search strategy.

To determine whether o, can be expected to be similar to
a, in the near future, a determination is made regarding
whether o, could have been merged with a predecessor o', of
., i.e., whether o, ~a',. The underlying expectation is that if
two states are similar, then their two respective successors
after a few steps of execution are also likely (but not guaran-
teed) to be similar.

Note that fast-forwarding deals with special cases auto-
matically. If a state forks while being fast-forwarded, all
children that are still similar to a recent predecessor of a state
in the worklist are fast-forwarded. If a state leaves the path
taken by the state it is similar to, i.e., fast-forwarding diverges,
the state is no longer similar to any predecessor and is thus no
longer prioritized.

Without any restrictions on the search strategy, only states
that meet at the same program location by chance could ever
be merged. To increase the opportunities for merging, the
execution tracking module 400 maintains a bounded history
of the predecessors of the states in the worklist (the reached-
state history stored in the DSM data repository 128). When
picking the next state to process from the worklist, the search
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strategy module 410 determines whether some state «, is
similar to a predecessor o', of another state o, in the worklist.
If yes, then state a;, which is in some sense lagging behind
.5, is prioritized over the other states. This causes state o, to
be temporarily fast-forwarded, until its own successor
matches up with the candidate-for-merging state co.,. If the
state diverges, i.e., one of o ’s successors is no longer suffi-
ciently similar to a predecessor of a,, the merge attempt is
abandoned. Thus, while the search strategy is still in control,
the search strategy module 410 identifies merge opportunities
dynamically within a fixed distance and only briefly takes
over control to attempt the merge. After the merge attempt,
the search strategy continues as before.

The execution tracking module 400 generates a reached-
state history and stores it in the DSM data repository 128.
Recall that a reached-state history is a bounded history of the
predecessors of the states in a worklist and that states in F are
likely to be mergeable after at most d steps of execution. A
function pred(a,d) computes the set of predecessors of
within a distance of 3. The function can be defined as pred(a.,
d)={a'lqn=:d:cepost’(a")}, where post(a’) denotes the set of
immediate successor states S for a state a' computed by the
algorithm in FIG. 6. Recall that, if the ~ relation is sensitive
only to equality, then the reached-state history can store hash
values of the relevant information from past states. In one
embodiment, the execution tracking module 400 incremen-
tally computes these state hashes.

In one embodiment, the search strategy module 410 oper-
ates according to an algorithm for dynamic state merging.
This algorithm is shown in FIG. 7. FIG. 7 is a listing of
pseudocode illustrating a pickNext method for dynamic state
merging according to one embodiment. (Recall that the algo-
rithm in FIG. 6 is parameterized by the function pickNext for
choosing the next state in the worklist.)

The pickNext function in FIG. 7 is parameterized by a first
choice function pickNext,,, a second choice function pickN-
ext., a similarity relation ~, a trace function pred, and a
threshold 6. The choice functions pickNext,, and pickNext.
and the threshold d are stored in the DSM data repository 128.
The similarity relation ~ is implemented by the merging
decision module 310. The trace function pred was discussed
above with reference to the execution tracking module 400.

The pickNext function in FIG. 7 generally selects a next
state to execute according to the choice function pickNext,.
However, when the pickNext function detects that some
states, computed as a set I, are likely to be mergeable after at
most J steps of execution, the pickNext function overrides the
choice function pickNext, and selects the next state to
execute from F according to the choice function pickNext. In
other words, the pickNext function returns a state from the
fast-forwarding set of states F (pickNext.) or, if this set is
empty, the pickNext function resorts to the underlying driving
heuristic to select a state from the general worklist w (pick-
Next,,).

In one embodiment, the search strategy module 410 is
implemented in the form of a search strategy layer in KLEE’s
stacked strategy system. In KLEE’s stacked strategy system,
each “regular” strategy uses its own logic to select a state from
the worklist but can rely on an underlying strategy whenever
it has to make a choice among a set of equally important
states. Here, the pickNext function replaces KLEE’s regular
strategy, and the pickNext,, and pickNext. functions replace
KLEE’s underlying strategies. So, to select a next state,
KLEE calls pickNext. pickNext then uses either pickNext,, or
pickNext, as an underlying strategy as described above.

FIG. 10 is a flowchart illustrating a method 1000 of select-
ing a symbolic analysis state from a general worklist accord-
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ing to one embodiment. Other embodiments can perform the
steps in different orders and can include different and/or
additional steps. In addition, some or all of the steps can be
performed by entities other than those shown in FIGS. 1 and
4.

When the method 1000 starts, a general worklist of sym-
bolic analysis states has already been identified. Also, a
threshold has been identified. The threshold (referred to as 9)
refers to steps of execution. At this point, the method 1000
begins.

In step 1010, a determination is made regarding whether a
first state in the general worklist is likely to be mergeable with
a second state in the general worklist after at most d steps of
execution. For example, the search strategy module 410
makes this determination based on the contents of the
reached-state history (stored inthe DSM data repository 128).

If a first state in the general worklist is likely to be merge-
able with a second state in the general worklist after at most &
steps of execution (e.g., the first state would be a member of
the forwarding set F), then the method proceeds to step 1020.
Instep 1020, the first state is selected. For example, the search
strategy module 410 selects a state from F according to the
pickNext function.

If no states in the general worklist are likely to be merge-
able with a second state in the general worklist after at most &
steps of execution (e.g., the forwarding set F would be
empty), then the method proceeds to step 1030. In step 1030,
a state is selected from the genera worklist according to a
heuristic. For example, the search strategy module 410 selects
a state from the general worklist according to the pickNext,,
function.

FIG. 5 is a flowchart illustrating a method 500 for advan-
tageous state merging during symbolic analysis of a target
program according to one embodiment. Before the method
500 starts, a target program is stored in the target program
repository 122, a symbolic test is stored in the symbolic test
repository 124, calibration parameters are stored in the QCE
data repository 126, and a driving heuristic and a search
heuristic are stored in the DSM data repository 128.

In step 510, a target program is preprocessed using query
count estimation (QCE). For example, a target program is
obtained from the target program repository 122. The hot
variables module 300 performs the first phase of hot variable
determination by statically analyzing the target program. For
example, the hot variables module 300 determines query
count estimates Q/(1) and Q,,;(1,v) for each target program
location 1 and annotates each target program location 1 with
the corresponding estimates.

In step 520, the target program is symbolically analyzed
using dynamic state merging (DSM) and QCE. For example,
a symbolic test is obtained from the symbolic test repository
124. The symbolic analysis module 132 symbolically ana-
lyzes the target program according to the symbolic test. As the
target program is being analyzed, the search strategy module
410 executes to provide the pickNext function, which is used
by the symbolic analysis module 132. Also, the merging
decision module 310 executes to provide the similarity rela-
tion ~,.,, which is used by the search strategy module 410.
The execution tracking module 400 also executes as neces-
sary to generate a reached-state history and store it in the
DSM data repository 128. The hot variables module 300 also
executes as necessary to determine whether a variable v is hot
atatarget program location 1 and, if so, store v in the QCE data
repository 126.

The above description is included to illustrate the operation
of certain embodiments and is not meant to limit the scope of
the invention. The scope of the invention is to be limited only
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by the following claims. From the above discussion, many
variations will be apparent to one skilled in the relevant art
that would yet be encompassed by the spirit and scope of the
invention.

APPENDIX A

The design of QCE is now linked to a cost model through
the successive application of live key simplifying assump-
tions. Since QCE is merely a heuristic and not a precise
computation, the following only provides a justification for
the reasoning behind it, but not a formal derivation. A full
variant of QCE is explained that includes an estimate of the
cost for introducing ite expressions.

An optimal heuristic for the similarity relation would com-
pute whether the cumulative solving time T,, for all descen-
dants of the merged state is guaranteed to be less than the
combined respective times T, and T, for the two individual
states, i.e., whether T, <T,+7T,. In the ideal case of merging
two identical states, T,,=T,=T,. Thus, merging just two states
could theoretically cut the remaining exploration time in half.
This is why, in principle, repeated merging can reduce the
cumulative solving time by an exponential factor.

Precisely predicting the time required for solving a formula
without actually solving it is generally impossible, therefore
a first simplification is applied:

Simplifying Assumption 1.

A query takes one time unit to solve, Introducing new ite
expressions into the query increases the cost to T>1 time
units, where T is a parameter of the heuristic.

Thus, the estimated solving time is assumed to be linear in
the number of queries of each type. In a further simplification,
the number of queries that each one of two merge candidates
would individually cause in the future is treated as equal:

Simplifying Assumption 2.

Two states at the same program location that are candidates
for merging will cause the same number Q, of queries if they
are explored separately.

This simplification is a prerequisite for statically comput-
ing query counts for a location in a way that is independent of
the actual states during symbolic execution. The merged state
then will also invoke these Q, queries, but some queries will
take longer to solve due to introduced the expressions, and
some additional queries become necessary. The number of
queries into which merging introduces ite expressions is
denoted by Q,,, (with Q,,,=<Q,). The total cumulative cost of
solving these queries is £-Q,,, as per the first simplification.
Additionally, the merged state can require extra solver invo-
cations for queries corresponding to branch conditions that
depend on constant but different values in the individual
states (as in the loop conditions on lines 9 and 10 of FIG. 8).
This number of additional queries is Q-

Note that the possible cost of introducing disjunctions into
the path condition is ignored. In many common cases, the
different conjuncts of the two path conditions are just nega-
tions of each other, and thus the disjunctive path condition can
be simplified to the common prefix of the two individual path
conditions.

With these simplifications, the total cost of solver queries
in the merged state is 1(Q,-Q,,,) for the remaining regular
queries plus C-Q,,, for queries involving new ite expressions,
plus 1-Q,,, for the additional queries. The criterion for per-
forming a single merge can thus be formulated as (Q,-Q,,.)+
£Q,,.+Q,7<2-Q,, which simplifies to

(E-1)Q4 Qaaa<Qs- )]
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The values for Q,, Q,,., and Q,, ,, must be computed over the
set of all feasible executions of the merged state. To statically
estimate the feasibility of future paths, the following simpli-
fication is added:

Simplifying Assumption 3.

Each branch of a conditional statement is feasible with
probability 0.5<f<1, independently of the other branch.

The query counts can be estimated recursively. In the fol-
lowing definition, which is restated from (2), function c(I',e)
can be instantiated for Q,, Q,,., and Q, ,, individually to return
1 if checking the feasibility of a branch condition e at location
I' causes a query of the specific type (regular, involving it
expressions, or additional), or 0 otherwise:

ql’, o= ©

B-glsuccl’), )+ B-qll", )+ c(l', &) instr(l') =if (e)goto!”
0 instr(l') = halt

glsuce(l), ¢) otherwise

For this definition, loop unrolling ensures that conditional
statements in loops are counted as many times as the loop can
execute. Loops and recursive calls with bounds that are not
statically known are unrolled up to a fixed depth, given by the
heuristic parameter K . (Note that, for simplicity of exposi-
tion, only branch conditions are referred to here. In practice,
other instructions, such as assertion checks or memory
accesses with input-dependent offsets, will also trigger solver
queries. In one embodiment, the definition of ¢ is extended to
account for these queries.)

The symbolic analysis engine issues a query whenever a
state (I,pc,s) encounters a branch with a conditional expres-
sion e that depends on program input, i.e., e evaluates to an
expression s[e] containing variables from the set of inputs .
This is denoted by I 4 s[e]. To ease notation, the following

shorthands are added: s, [v]=s,[v]<b (I4s,[v]VI4s,[v])
As,[v]=s, [v] is used for the condition causing ite expres-
sions, i.e., symbolic but non-equal variables in two states, and
s;[v]=_s,[v] L (14 s,[v]VIds,[v])As [v]=s, [v] is used for
the condition causing additional queries, concrete and non-
equal variables in two states.

To define a function c(I',e) for the different types of query
counts, a method is needed to check whether the branch
condition e depends on inputs when reached from one of the
individual states. This is approximated statically using a path-
insensitive data dependence analysis, and (1,v) « (I',e) is writ-
ten if expression e at location 1' may depend on the value of
variable v at location 1. Thus, the query counts can be defined
as follows:

O(Lpeys)(Lpeas))=qlMLe).

ite@v:( s, v VT s, WD ALY) < (1',€)),1,0)

Ounel(Lpeys ) (Lpcy,s2))=q(L M e).

ite@vis [V]=so[VDAGY) «a (1e)),1,0)
Qaadllpcy,s)),(Lpes,so))=q(L ML €).

ite(@v:s [V]= 5 [V)AZV) «1(1e)),1,0)

Computing this recursive relation is expensive, and it can-
not be pre-computed before symbolic execution because it
requires determining which variables depend on program
inputs in the states considered for merging. A fixed probabil-
ity of input dependence is therefore assumed:
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Simplifying Assumption 4.

The number of branches whose conditions are dependent
on inputs is a fixed fraction ¢ of the total number of condi-
tional branches.

This enables all variable dependencies to be eliminated
from Q, and simplity Q, to Q,(D=¢-qLA(I'e).1). Now, Q,
depends only on the program location and can thus be stati-
cally pre-computed.

Q,,. and Q,,, count queries for which specific variable
pairs are not equal in the two merge candidates. Therefore,
Q,,. and Q,,, would need to be statically pre-computed for
each subset of variables that could be symbolic in either state
during symbolic execution. To eliminate this dependency on
the combination of specific variables, query counts for indi-
vidual variables are computed. The per-variable query counts
Q,..(l,v) and Q,,,,(1,v) are defined as the value of Q,,.(1) and
Q. (D, respectively, computed as if v was the only variable
that differs between the merge candidates. The per-variable
query counts can be computed as Q,,, (1,v)=Q,,A1,v) =q(LLA
1e)ite((l,v «a (I'e),1,0)).

Summing the per-variable query counts for all variables
that differ between the merge candidates will grossly over-
estimate the actual values of Q,,, and Q,,,, since conditional
expressions often depend on more than just one variable, and
many queries would thus be counted multiple times. Simi-
larly, using just the maximum per-variable query count would
cause an under-estimation. In fact,

{ve Vsl #e 520} Qaarll. v) = Quaall) = Qaaals )
{veVisy vl#esa VI

and analogously for Q
made:

Simplifying Assumption 5.

Total query counts are equal to the variable query counts
for an individual variable times some factor o, i.e.,

A final simplification is therefore

ite*

Que®~ - {v e V|5 ] # 521} Quetl v)

Quaa® ~ [ € V [ 511 #c 52001} Qualt, .

The intuition behind this assumption is that the number of
independent variables correlates with the input size and
not with the total number of variables. Applying this
substitution to Equation (5), the similarity relation ~,,.,
can now be defined as

o

def
(L, peys $1) ~gee (L, peys 52) ©

¢-D{vev]sbl 2 00wt v+

{vev|s Bl 2 st < Z

Qi bV)=QaaalV)=a (LML ey ite((l,v) <1 (I'e),1,0)),

0.0)=¢rq(L M e).1),

and recursively descending q as defined in Equation (6). For
convenience, ¢/0is renamed to the unified parameter c.. Thus,
a, B, C, and the unrolling bound K remain as the only param-
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eters to QCE. The variant of QCE described above is derived
from Equation (7) by removing Q,,. from the criterion, to
arrive at

ite

{v eV | sl?\f]x *e SZ[V]}Qadd(la v) <@,

which is equivalent to
VeV [VI#e52/V] = Qaaal V) <00,

To facilitate an efficient implementation in combination with
dynamic state merging, a set of variables is collected that
exceed the threshold H, ,, 1)={veVIQ,,, (v)>aQ,} and the
similarity relation is stated as (1).

This motivates the use of QCE for estimating the similarity
of states.

APPENDIX B

FIG. 8 is a listing of pseudocode illustrating a simplified
version of the echo program according to one embodiment.
Consider the example program in FI1G. 8, a simplified version
of'the UNIX echo utility that prints all its arguments to stan-
dard output, except for argument 0, which holds the program
name. If the first regular argument is “-n”, no newline char-
acter is appended. This program is analyzed using the algo-
rithm in FIG. 6, assuming bounded input. Specifically, it is
assumed that argc=N+1 for some constant N=1, and that each
of the N command-line arguments, pointed to by the corre-
sponding element of argv, is a zero-terminated string of up to
L characters. For simplicity, it is assumed that stremp and
putchar do not split paths. Under these preconditions, the total
number of feasible program paths is L +L""!, and the branch
condition at line 3 is always true.

The execution paths first split at line 4 on the condition C
that argv[1] points to the string “~n”. Line 6 is then reached by
the two states (6,C, [r=0,arg=2]) and (6,~ C, [r=1,arg=1]).
These two can be merged into the single (but fully precise)
state (6, true, [r=ite(C,0,1),arg=ite(C,2,1)]). Consider now
the loop condition arg<argc in line 7. If the states were kept
separate, this condition could be evaluated concretely in both
states, as 1<N+1 and 2<N+1, respectively. In the merged
state, however, the condition would become the disjunctive
expression ite(C,2,1)<N+1, which now requires a constraint
solver invocation where it was not previously necessary. The
consequences of having merged at line 6 become even worse
later in the execution, for the condition at line 8. The array
index is no longer concrete, so the constraint solver is
required to reason about symbolic memory accesses in the
theory of arrays on every iteration of the nested loop. In this
example, merging reduces the total number of states, but the
merged state is more expensive to reason about. The total time
required to fully explore all feasible paths in this program is
significantly shorter if the paths are not merged on line 6.

Now consider the branching point in the inner loop header
at line 8. Since this loop may be executed up to L times, each
state that enters the loop creates L. successor states, one for
each loop exit possibility. For example, a state exiting after
the second iteration is (8, . . . A argv[1][0]=0Aargv[1][1]=0,
[ ...;i=1]). On the next iteration of the outer loop (line 7),
each of these L states again spawns L successors. At the end
of the N outer loop iterations, there is a total of L states.
However, all of the states created in the loop at line 8 during
the same iteration of the outer loop differ only in the value of
the temporary variable i, which is never used again in the
program. Therefore, merging these states does not increase
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the cost of subsequent feasibility checks, yet it cuts the num-
ber of states after the outer loop down to the number of states
before the loop (2 in this example). Note that, while the path
condition of the merged state is created as a disjunction, here
it can be simplified to the common prefix of all path condi-
tions.

There is another, less obvious, opportunity for merging
states. Looking back at the first feasible branch at line 4,
consider the state (7,C, [r=0,arg 1]), which corresponds to the
path through the “then” branch, and the state (7,- C, [r=1,
arg=1]), which corresponds to the path through the “else”
branch and one first iteration over the outer loop. Merging
these two states yields the state (7, true, [r=ite(C,0,1),arg=1]),
which introduces a disjunction for the symbolic expression
representing the value of the variable r. Unlike the arg variable
discussed above, ris used only once on line 10, just before the
program terminates. Therefore, the time saved by exploring
the loops at lines 7-9 with fewer states can outweigh the cost
of'testing the more complex branch condition on line 10 in the
merged state.

This example demonstrates that the net benefit of merging
two states depends heavily on how often variables whose
values differ between two states affect later branch condi-
tions. This is a key insight behind QCE.

It is now illustrated how QCE can be used to decide
whether to merge states at lines 6 and 7. The heuristic param-
eters a=0.5, $=0.6 and, to keep the example brief, K =1 are
used. First, Q,(7) and Q,,(7,v) are pre-computed for v €
{rarg} using Bquation (3). For brevity, the computation of
Q. for arge, argv, and array contents referenced by argv is
omitted. For

Qadd(7sarg)s we get
Qadd(7,arg)=q(7.¢)

=Pg(8,c)+Pq(10c)+c(7,arg<arge)=Pq(8,c)+1
=B(Bg(9,0)+Hg(10,c)+c(8,argv[arg][i]6=0))+1

=B(Pg(9,0)+1)+1=P(Pg(10,c)+1)+1=p+1=1.6,

where c=A(I',e)-ite((7)arg) «a (I',e),1,0). Similarly, it is com-
puted that Q,,(7.0)=p+2p*=132 and Q/7)=142p+
2p3%=2.92, according to Equation (1), H(7)={arg}. Since there
are no branches between lines 6 and 7, H(6)=H(7)={arg}.
Hence, in this example, the QCE similarity relation (4) allows
the states at line 6 or 7 to be merged if the values of arg in the
two states are either equal or symbolic. This is consistent with
the results of the manual analysis above.

The invention claimed is:

1. A computer-implemented method of determining
whether to merge two symbolic analysis states, wherein a first
state corresponds to a first set of paths through a target pro-
gram to a target program location, and a second state corre-
sponds to a second set of paths through the target program to
the target program location, the first set of paths differing
from the second set of paths, the method comprising:

determining a set of one or more variables of the target

program at the target program location;

analyzing values of each variable in the set to determine an

impact of merging the first state and the second state, the

analyzing comprising, for each variable in the set:

determining a first value of the variable in the first state,
wherein the first value is either a first concrete value or
a symbolic value;

determining a second value of the variable in the second
state, wherein the second value is either a second
concrete value or a symbolic value; and
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determining, based on the first value and the second

value, whether merging the first state and the second

state would be advantageous with regard to the vari-

able,

determining whether merging the first state and the
second state would be advantageous comprising at
least one of:

responsive to the first value being a symbolic value or
the second value being a symbolic value, determin-
ing that merging the first state and the second state
would be advantageous with regard to the variable;

responsive to the first value being a symbolic value or
the second value being a symbolic value, determin-
ing that merging the first state and the second state
would be advantageous with regard to the variable
based on a comparison of the first value and the
second value;

responsive to the first value being a first concrete
value and responsive to the second value being a
second concrete value and responsive to the first
concrete value and second concrete value being
identical, determining that merging the first state
and the second state would be advantageous with
regard to the variable; and

responsive to the first value being a first concrete
value and responsive to the second value being a
second concrete value and responsive to the first
concrete value and second concrete value being
different, determining that merging the first state
and the second state would not be advantageous
with regard to the variable;

determining, based on the analyzing of the values of each

variable in the set, that, on balance, merging the first
state and the second state will yield a net benefit, the net
benefit comprising an overall reduction in time required
to analyze the target program or an increase in a total
number of program behaviors explored in a given time;
and

responsive to determining that merging the first and second

states will yield a net benefit, determining to merge the
first state and the second state to produce a merged state,
the merged state including all information correspond-
ing to the first and second sets of paths that was included
in the first and second states.

2. The computer-implemented method of claim 1, further
comprising, responsive to determining that merging the first
state and the second state would not be advantageous for all
variables in the set, determining not to merge the first state
and the second state.

3. The computer-implemented method of claim 1, wherein
a variable in the set is likely to cause many queries to a
constraint solver if that variable were to contain a symbolic
value.

4. The computer-implemented method of claim 1, wherein
determining the set of one or more variables comprises deter-
mining how many times a variable will appear in a constraint
solver query that occurs after the target program location.

5. The computer-implemented method of claim 1, wherein
determining the set of one or more variables comprises esti-
mating how often a variable is used in a branch condition that
occurs after the target program location.

6. A computer-implemented method of selecting a sym-
bolic analysis state from a general worklist when analyzing a
target program, the method comprising:

predicting, based on a reached-state history, whether one or

more states in the general worklist will be mergeable
with another state in the general worklist after at most a
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predetermined number of steps of execution to yield a
net benefit, the net benefit comprising an overall reduc-
tion in time required to analyze the target program or an
increase in a total number of program behaviors
explored in a given time;
responsive to predicting that one or more states will be
mergeable with another state after at most the predeter-
mined number of steps of execution to yield a net benefit,
selecting a first state from among the one or more states;
responsive to predicting that no states in the general
worklist will be mergeable after at most the predeter-
mined number of steps of execution to yield a net benefit,
selecting a state from the general worklist according to a
heuristic; and
determining whether merging the first state with a second
state that is a predecessor state or a successor state of the
corresponding another state would be advantageous, the
determining comprising:
analyzing values of each variable in a set of one or more
variables of the target program to determine an impact
of merging the first state and the second state, the
analyzing comprising, for each variable in the set:
determining a first value of the variable in the first
state, wherein the first value is either a first concrete
value or a symbolic value;
determining a second value of the variable in the
second state, wherein the second value is either a
second concrete value or a symbolic value; and
determining, based on the first value and the second
value, whether merging the first state and the sec-
ond state would be advantageous with regard to the
variable, determining whether merging the first
state and the second state would be advantageous
comprising at least one of:
responsive to the first value being a symbolic value
or the second value being a symbolic value,
determining that merging the first state and the
second state would be advantageous with regard
to the variable;
responsive to the first value being a symbolic value
or the second value being a symbolic value,
determining that merging the first state and the
second state would be advantageous with regard
to the variable based on a comparison of the first
value and the second value;
responsive to the first value being a first concrete
value and responsive to the second value being a
second concrete value and responsive to the first
concrete value and second concrete value being
identical, determining that merging the first state
and the second state would be advantageous with
regard to the variable; and
responsive to the first value being a first concrete
value and responsive to the second value being a
second concrete value and responsive to the first
concrete value and second concrete value being
different, determining that merging the first state
and the second state would not be advantageous
with regard to the variable;
determining, based on the analyzing of the values of
each variable in the set, that, on balance, merging the
first state and the second state will yield a net benefit,
the net benefit comprising an overall reduction in time
required to analyze the target program or an increase
in a total number of program behaviors explored in a
given time; and
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responsive to determining that merging the first and
second states will yield a net benefit, determining to
merge the first state and the second state to produce a
merged state, the merged state including all informa-
tion corresponding to the first and second sets of paths
that was included in the first and second states.

7. The computer-implemented method of claim 6, further
comprising executing the selected state.

8. The computer-implemented method of claim 6, wherein
the selected state corresponds to a first target program loca-
tion, and the corresponding another state corresponds to a
second target program location, and wherein the first target
program location and the second target program location are
different.

9. The computer-implemented method of claim 8, wherein
predicting that the selected state will be mergeable with the
corresponding another state after at most the predetermined
number of steps of execution to yield a net benefit comprises:

determining that a successor state of the selected state will

reach the second target program location within at most
the predetermined number of steps of execution.

10. The computer-implemented method of claim 6,
wherein the heuristic comprises a random search heuristic.

11. The computer-implemented method of claim 6,
wherein the heuristic comprises a coverage-oriented search
heuristic.

12. A non-transitory computer-readable storage medium
storing executable computer program instructions for deter-
mining whether to merge two symbolic analysis states,
wherein a first state corresponds to a first set of paths through
a target program to a target program location, and a second
state corresponds to a second set of paths through the target
program to the target program location, the first set of paths
differing from the second set of paths, the instructions per-
forming steps comprising:

determining a set of one or more variables of the target

program at the target program location;

analyzing values of each variable in the set to determine an

impact of merging the first state and the second state, the
analyzing comprising, for each variable in the set: deter-
mining a first value of the variable in the first state,
wherein the first value is either a first concrete value or a
symbolic value;
determining a second value of the variable in the second
state, wherein the second value is either a second
concrete value or a symbolic value; and
determining, based on the first value and the second
value, whether merging the first state and the second
state would be advantageous with regard to the vari-
able,
determining whether merging the first state and the
second state would be advantageous comprising at
least one of:
responsive to the first value being a symbolic value or
the second value being a symbolic value, determin-
ing that merging the first state and the second state
would be advantageous with regard to the variable;
responsive to the first value being a symbolic value or
the second value being a symbolic value, determin-
ing that merging the first state and the second state
would be advantageous with regard to the variable
based on a comparison of the first value and the
second value;
responsive to the first value being a first concrete
value and responsive to the second value being a
second concrete value and responsive to the first
concrete value and second concrete value being
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identical, determining that merging the first state
and the second state would be advantageous with
regard to the variable; and

responsive to the first value being a first concrete
value and responsive to the second value being a
second concrete value and responsive to the first
concrete value and second concrete value being
different, determining that merging the first state
and the second state would not be advantageous
with regard to the variable;

determining, based on the analyzing of the values of each

variable in the set, that, on balance, merging the first
state and the second state will yield a net benefit, the net
benefit comprising an overall reduction in time required
to analyze the target program or an increase in a total
number of program behaviors explored in a given time;
and

responsive to determining that merging the first and second

states will yield a net benefit, determining to merge the
first state and the second state to produce a merged state,
the merged state including all information correspond-
ing to the first and second sets of paths that was included
in the first and second states.

13. A computer system for determining whether to merge
two symbolic analysis states, wherein a first state corresponds
to a first set of paths through a target program to a target
program location, and a second state corresponds to a second
set of paths through the target program to the target program
location, the first set of paths differing from the second set of
paths, the computer system comprising:

at least one non-transitory computer-readable storage

medium storing executable computer program instruc-
tions comprising instructions for:
determining a set of one or more variables of the target
program at the target program location;
analyzing values of each variable in the set to determine
an impact of merging the first state and the second
state, the analyzing comprising, for each variable in
the set:
determining a first value of the variable in the first
state, wherein the first value is either a first concrete
value or a symbolic value;
determining a second value of the variable in the
second state, wherein the second value is either a
second concrete value or a symbolic value; and
determining, based on the first value and the second
value, whether merging the first state and the sec-
ond state would be advantageous with regard to the
variable, determining whether merging the first
state and the second state would be advantageous
comprising at least one of:
responsive to the first value being a symbolic value
or the second value being a symbolic value,
determining that merging the first state and the
second state would be advantageous with regard
to the variable;
responsive to the first value being a symbolic value
or the second value being a symbolic value,
determining that merging the first state and the
second state would be advantageous with regard
to the variable based on a comparison of the first
value and the second value;
responsive to the first value being a first concrete
value and responsive to the second value being a
second concrete value and responsive to the first
concrete value and second concrete value being
identical, determining that merging the first state
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and the second state would be advantageous with

regard to the variable; and
responsive to the first value being a first concrete
value and responsive to the second value being a
second concrete value and responsive to the first
concrete value and second concrete value being
different, determining that merging the first state
and the second state would not be advantageous

with regard to the variable,
determining, based on the analyzing of the values of
each variable in the set, that, on balance, merging the
first state and the second state will yield a net benefit,
the net benefit comprising an overall reduction in time
required to analyze the target program or an increase
in a total number of program behaviors explored in a

given time; and

responsive to determining that merging the first and
second states will yield a net benefit, determining to
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merge the first state and the second state to produce a
merged state, the merged state including all informa-
tion corresponding to the first and second sets of paths
that was included in the first and second states; and

a processor for executing the computer program instruc-

tions.

14. The computer-implemented method of claim 1,
wherein the first state and the second state are merged only if
the analyzing determines that merging is advantageous for all
variables in the set.

15. The non-transitory computer-readable storage medium
of claim 12, wherein the first state and the second state are
merged only if the analyzing determines that merging is
advantageous for all variables in the set.

16. The computer system of claim 13, wherein the first state
and the second state are merged only if the analyzing deter-
mines that merging is advantageous for all variables in the set.
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